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Abstract:  
Cell division in bacteria requires the assembly of a macromolecular protein machinery at 
midcell that is spatiotemporally regulated during the bacterial cell cycle. Central to the process of 
division is the assembly of a cytokinetic ring-like structure, termed the Z-ring, formed by 
polymers of the essential tubulin-homolog FtsZ. Polymerization of FtsZ is regulated by a number 
of proteins that bind FtsZ and regulate its assembly/disassembly mechanisms. Despite being 
extensively studied, the molecular nature of the diverse protein-protein interactions that regulate 
the assembly of FtsZ during early stages of division is not well understood. Here, I focus on an 
FtsZ-ring stabilizer in E. coli – ZapC, which is conserved in a number of related Gram-negative 
bacteria and binds and bundles FtsZ in vitro. Strains with double mutations in zapC and another 
positive FtsZ-regulator display division defects indicating that ZapC promotes the integrity of the 
Z-ring in vivo. Recent evidence from our laboratory suggests that ZapC may be a substrate of the 
cellular protease ClpXP in E. coli. The conserved molecular chaperone ClpXP is responsible for 
degradation of a wide range of substrates, including FtsZ in E. coli. Here, we show that that 
ZapC and ClpX proteins interact in a bacterial two-hybrid (BACTH) assay. A zapC strain 
bearing a mutation in the putative ClpX recognition sequence is unable to interact with ClpX in a 
BACTH assay, suggesting that ZapC is a likely substrate of ClpXP. In addition, cell 
morphologies and viabilities of strains overexpressing or lacking ClpXP in wildtype or zapC 
mutant backgrounds show differences in cell lengths and viabilities, indicating that ClpX and 
ZapC act in the same functional pathway in division. 
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Introduction: 
FtsZ assembly in E. coli cytokinesis 
Cell division in most bacteria, many archaea, all chloroplasts and primitive mitochondria 
is defined by polymerization and constriction of a cytokinetic ring-like organelle at midcell, the 
Z-ring, formed by the essential tubulin-like GTPase, FtsZ (Adams, 2009; Huang, 2013; 
Lutkenhaus, 2012; deBoer, 2010; Erickson, 2010; Löwe, 2009). In most bacteria, FtsZ is the first 
protein to localize to midcell and the Z-ring provides a scaffold that enables recruitment of the 
rest of the division machinery. This multiprotein division complex at midcell is termed the 
divisome (Lutkenhaus, 2012; deBoer, 2010; Erickson, 2010). Like tubulin, in the presence of 
GTP, FtsZ is capable of forming protofilaments that disassemble upon GTP hydrolysis 
(Romberg, 2003). FtsZ subunits in the Z-ring are in rapid exchange with those in the cytoplasm, 
indicating that the Z-ring is dynamic (Erickson, 2010). FtsZ polymerization and 
depolymerization produces a contractile force that in part pinches the membrane and aids 
division (Osawa, 2008). The precise architecture of the in vivo Z ring is not well understood but 
recent advances in super resolution imaging like photo-activated light microscopy (PALM) 
indicate that the Z-ring is formed of short, discontinuous and loosely bundled randomly 
overlapping FtsZ polymers (Fu, 2010).  
The FtsZ monomer is divided into 5 subdomains: an unstructured N-terminal 10 amino 
acid residues, a conserved core that contains the GTP binding and hydrolysis activities, a flexible 
linker whose length and amino acid content are variable in bacteria and a conserved carboxyl-





The spatiotemporal control of division is exercised at the level of FtsZ assembly. A 
diverse repertoire of proteins contributes to FtsZ assembly mechanisms leading to the formation 
of a functional division machine that is responsive to cell cycle status and environmental stress 
(Erickson, 2010) (Fig. 1). Both essential and accessory FtsZ regulatory proteins act by 
modulating the assembly, stability, and disassembly of the Z ring via direct or indirect 
interactions with FtsZ (Fig. 1). Positive modulatory proteins including essential FtsZ membrane 
anchors FtsA and ZipA, and non-essential proteins ZapA-D, promote Z-ring integrity in vivo by 
forming stable associations of FtsZ polymers that constitute the Z ring, which together form the 
early assembly complex (Adams, 2009; Huang, 2013; Galli, 2010). Negative regulators of FtsZ 
assembly include the topological factor, MinC, nucleoid occlusion protein, SlmA, a component 
of the SOS system, SulA, and the conserved cellular protease ClpXP, which preferentially 
degrades FtsZ polymers in E. coli (Camberg, 2009).  
Conserved protease ClpXP 
ClpXP is a conserved protease formed by the activity of two proteins ClpX and ClpP and 
uses the energy of ATP binding and hydrolysis for targeting and degrading proteins within cells. 
ClpX is an ATP-dependent chaperone that recognizes and unfolds a variety of substrates and 
transfers them to ClpP, a serine protease, for degradation (Sauer, 2011). Several cell division 
proteins including FtsZ, FtsA, MinD and SulA are implicated to be ClpXP substrates (Flynn, 
2003; Neher, 2006). In FtsZ, two distinct regions have been identified as being important for 
degradation by ClpXP in vitro: one region is located 30 residues away from the FtsZ C-terminal 
extreme in the unstructured linker region of FtsZ, and the other region is in the FtsZ CCTP 
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domain and partially overlaps with the recognition sites for several other FtsZ-regulatory 
proteins such as, MinC, ZipA, FtsA and ZapD (Camberg, 2014; Lutkenhaus, 2010; Hale, 1997; 
Durand-Heredia 2012). The N-terminal domain of ClpX is thought to participate in the 
recognition of FtsZ (Camberg, 2009).  
FtsZ-ring stabilizer ZapC 
The de Boer laboratory (Case Western Reserve University) and our laboratory 
concurrently identified ZapC (previously known as YcbW) as a member of the FtsZ-ring positive 
regulator family (Durand-Heredia, 2011; deBoer, 2011). ZapC with a molecular weight of ~20.6 
kD is a low abundance cytoplasmic protein (Li, 2014). Like ZapA, ZapB and ZapD, ZapC is an 
early assembly protein and colocalizes with FtsZ at midcell, and like ZapA it localizes to the 
divisome in an FtsZ-dependent manner (Durand, 2011; deBoer, 2011; Galli, 2010; Gueiros-
Filhos, 2002; Durand-Heredia, 2012). Although ZapC does not share sequence identity with 
other Zaps, genetics and biochemical data indicate that ZapC has an overlapping role with ZapA, 
ZapB and ZapD in stabilizing the Z-ring. Like other Zaps, ZapC binds and bundles FtsZ in vitro 
and stabilizes Z-ring stability in vivo (Durand, 2011; deBoer, 2011).  
Bacterial two-hybrid assay 
The bacterial two-hybrid system (BACTH) is a simple and fast approach to detect and 
characterize protein-protein interactions in vivo. It exploits the fact that the catalytic domain of 
adenylate cyclase (CyaA) from Bordetella pertussis consists of two complementary fragments, 
T25 and T18 that are not active when physically separated (Karimova, 1998; Battesti, 2012). 
When these two fragments are fused to interacting polypeptides in an E. coli cya mutants, cAMP 
is synthesized. Cyclic AMP produced by the reconstituted chimeric enzyme binds to the 
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catabolite activator protein, CAP. The cAMP/CAP complex is a pleiotropic regulator of gene 
transcription in E. coli including exerting control over genes involved in lactose catabolism. 
Therefore, interactions can be scored in terms of -galactosidase activity, a product of the lacZ 
gene, and can be easily detected on LB/X-gal (5-bromo-4-chloro-3-indolyl-β-D-galacto-
pyranoside) or M9 minimal/X-gal plates (Karimova, 1998; Battesti, 2012). 
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Specific Aims 
A genome-wide study conducted to identify ClpXP targets in E. coli included ZapC as a 
potential substrate; both N- and C-terminal ClpX recognition motifs were present in ZapC and at 
least 5 different peptides of ZapC were trapped in an inactive ClpP variant (Flynn, 2003). An 
OmpA-like N-motif MKKTX6V and an ssrA-like C-motif QAV were identified as putative ClpX 
recognition targets in ZapC (Flynn, 2003; Neher, 2006). Therefore, we speculated that ZapC is a 
ClpXP substrate in E. coli and related bacteria and hypothesized that ClpXP modulates FtsZ 
assembly dynamics directly by its action on FtsZ and also indirectly by modulating the stability 
of an FtsZ regulator, ZapC. Unraveling the complex regulatory interplay of ClpXP with both 
FtsZ and a positive regulator of FtsZ, ZapC, at the molecular level is essential in developing a 
comprehensive understanding of FtsZ structure and assembly in bacteria. To test the hypothesis I 
aim to: 
(i) examine ZapC-ClpX interactions using BACTH 
(ii) conduct genetic and cell biological analyses of different zapC, clpX, and clpP mutants 
and overexpression strains under a variety of environmental conditions.  
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Materials and Methods  
Strains, plasmids and growth conditions 
Strains and plasmids used in this work are listed in Table 1.  All strains were maintained 
in LB (0.5% NaCl) or M9 minimal media (Miller, 1972) supplemented with 0.2% casamino 
acids and 0.2% glucose or maltose as carbon source with appropriate antibiotics at 30°C unless 
otherwise mentioned. Details of construction are provided below. ZapCDD was created by site-
directed mutagenesis of A179 and V180 terminal residues of ZapC (Durand-Heredia J, 
unpublished results).  
Construction of plasmids for BATCH assay   
  Genes of interest ftsZ, zapC, clpX and zapCDD, were amplified by PCR using Phusion 
Flash DNA polymerase (ThermoFisher) and appropriate primers (Table 2). PCR products were 
cut with restriction enzymes BamHI and EcoRI for pKT25and pCH364 vectors, and HindIII and 
BamHI for pCH363 and pKNT25 vectors and cloned into the same. The BACTH vectors pKT25 
(C-terminal T25 fusions), pKNT25 (N-terminal T25 fusions), pCH363 (N-terminal T18 fusions) 
and pCH364 (C-terminal T18 fusions) encode for the T25 and T18 fragments respectively (kind 
gift of Tom Bernhardt). To avoid leaky expression of pKT25 and pKNT25 plasmids, XL10 Gold 
strain carrying a mutation in the lacI repressor was used. 
BACTH Gateway (BACTH GW) system was used for the construction of T18-ClpX. 
Briefly, this system consists of two site-specific recombination reaction steps. In the first, an 
entry clone is constructed by Gateway BP clonase reaction, in which ~35 ng of PCR-product 
with flanking attB sites and ~200 ng of donor vector, pDONR221, containing attP sites are 
recombined with 0.5 µl BP clonase enzyme to produce an entry clone containing the gene of 
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interest flanked by attL sites. The reaction is incubated at room temperature for ~3 hours. Next, 2 
µg/µl of Proteinase K is added to the reaction and incubated at 37°C for 10 minutes. Then, 1 µl 
of the BP reaction is transformed into 30 µl of DH10B competent cells (lacking the ccdB gene) 
and plated onto LB agar plates supplemented with kanamycin (50 µg/ml).  In the second 
reaction, ~200 ng of entry clone is recombined with ~200 ng of destination vectors, pST25-
DEST (C-terminal T25 fusions), pSNT25-DEST (N-terminal T25 fusions) and pUT18C-DEST-
(C-terminal T18 fusions) containing attR sites. LR clonase enzyme (0.5 µl) was used to generate 
an expression clone and the reaction is incubated at room temperature for ~3 hours. Next, 2 
µg/µl of Proteinase K is added to the reaction and incubated at 37°C. Then, 1 µl of the LR 
reaction is transformed into 30 µl of DH10B competent cells and plated into LB plates 
supplemented with ampicillin (100 µg/ml).  
Co-transformation 
Approximately 10-20 ng/µl of the two recombinant plasmids encoding the N- and C-
terminal T25 hybrid proteins and N- and C-terminal T18 hybrid proteins were transformed into 
BTH101 competent cells. Because BTH101 strain has a mutation in the adenylate cyclase gene 
(cya), complementation can only take place by the reconstruction of the T18 and T25 catalytic 
domains when the proteins fused to these fragments interact. The cotransformants are plated on 
M9 minimal plates supplemented with ampicillin (50 µg/ml), kanamycin (25 µg/ml), X-gal (40 
µg/ml), and isopropyl β-D-1-thiogalactopyranoside (IPTG) (250 µM), and incubated at 30ºC for 
4-5 days or on LB agar plates supplemented with ampicillin (100 µg/ml), kanamycin (50 µg/ml) 




Six cotransformants from M9 minimal media plates were picked and patched onto fresh 
M9 minimal agar plates with the same supplements as above and incubated at room temperature. 
Growth was monitored and the plates imaged at 24, 48 and 72 hours to determine interaction. 
Also, 6-8 cotransformants plated on LB agar plates supplemented as above were inoculated into 
3 mls of LB broth supplemented with ampicillin (100 µg/ml), kanamycin (50 µg/ml) and IPTG 
(0.5 mM) and the cultures grown at 30ºC overnight with shaking. The next day 4 µls of each 
overnight culture was spotted on LB agar plates supplemented with ampicillin (100 µg/ml), 
kanamycin (50 µg/ml), IPTG (0.5 mM), and X-Gal (40 µg/ml) and incubated at 30ºC. Growth 
was monitored and the plates imaged at 24 and 48 hours to determine interaction.  
Plate viability assays  
In spot-viability assays, overnight cultures of wild type, mutant or overexpression strains, 
were normalized to an OD600 of 2.0, serially diluted to 10
-6 and 6 μls aliquots were spotted on LB 
agar, M9 minimal agar plates supplemented with 0.2 % glucose or 0.2% maltose and with or 
without casamino acids, and LB agar plates without salts. The plates were incubated at room 
temperature, 30°C, 37°C, and 42°C overnight for LB agar plates, and ~48 hours for M9 minimal 
agar plates. The plates were imaged (U: Genius 3-Syngene documentation) and the relative 
plating efficiency was determined by comparing with controls.  
Cell length measurements  
Single mutants zapC, clpX, clpP, and the zapC clpX double mutant, as well as strains 
overexpressing ClpXP in wild type and in cells lacking zapC were grown to OD600 ~0.3-0.4, 
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~0.6-0.8 or ~1.0-1.2, representing different stages of exponential growth, and were immobilized 
on agarose pads (1% agarose).  Phase images were captured using a 100X oil-immersion 
objective on a Nikon Eclipse TiE microscope using a Nikon DigiSight monochrome charge-
coupled-device (CCD) camera. The cell lengths were measured for approximately 100 to 2000 
cells for each strain and mean and standard deviation obtained (ObjectJ, NIH). 
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Results  
Cells lacking ClpP and ZapC exhibit division defects 
To confirm whether ZapC and ClpX are involved in the same functional pathway in 
division, we visualized cell morphologies and measured cells lengths of various zapC, clpX and 
clpP mutant and overexpression strains at 37ºC. We first analyzed cells overexpressing ClpXP in 
the presence or absence of ZapC. As shown previously, a zapC mutant leads to modest cell 
elongation with wide standard deviation compared to wild type cells (Fig. 2, Table 3). Cells 
overexpressing ClpXP showed 2-3 fold increased cell lengths compared to wild type. However, 
cell division phenotypes were not significantly altered in cells overexpressing ClpXP and lacking 
ZapC (Fig. 2, Table 3). These results would be expected if ZapC was a ClpXP cellular substrate.  
Next we analyzed division phenotypes in strains bearing mutations in zapC, clpX or clpP 
and in zapC clpX and zapC clpP double mutants at 37ºC. Single mutants in either clpX mutant or 
clpP divide normally and as shown before, a zapC mutant displays mild division defects 
(Durand-Heredia, 2012) (Fig. 3, Table 4). We also noted that while division in a zapC clpX 
mutant is not significantly altered, a zapC clpP mutant is significantly longer and there is a large 
standard deviation in the population with many cells longer than ~9 m (Buczek, M; 
unpublished results). When provided in trans ZapC is able to rescue the filamentation phenotype 
of a zapC clpP mutant (Buczek, M; unpublished results). These data suggest that ClpP and ZapC 




Overexpression of ClpXP in the absence of ZapC leads to reduced cell viability under 
osmotic stress 
Certain divisomal proteins are required under conditions of environmental stress (Reddy, 
2007; Bi, 1993). To identify whether temperature, osmotic stress or nutrient source exacerbates 
the division phenotypes of cells lacking ZapC or overexpressing ClpXP, we conducted spot 
viability assays under various conditions (temperature - room temperature, 30ºC, 37ºC and 42ºC; 
nutrients – rich and minimal media; and osmotic stress – no salt agar). The only condition that 
showed a significant difference in the viability of the mutant was LB no salt agar plates 
incubated at room temperature. Cells overexpressing ClpXP in the absence of ZapC showed a 2-
3-log fold decrease in viability compared to wild type cells and cells overexpressing ClpXP 
alone (Fig. 4). These results suggest that ZapC and ClpXP may influence division under osmotic 
stress and when cells growth is slowed.  
Construction of BATCH assay clones  
Analysis of the PCR products showed that the genes of interest ftsZ, clpX, zapC, and 
zapCDD were each amplified and relatively pure (Fig. 5). ZapCDD is anticipated to serve as a 
putative ClpXP resistant ZapC mutant. The amount obtained for T25-ClpX, T25-FtsZ, T18-ClpX 
and T18-FtsZ was ~100-300 ng/µl, while for T25-ZapC and T25-ZapCDD it was < 100 ng/µl as 
calculated by measuring 260/280 values (Table 5). Next, the vectors and PCR products were 
linearized in double digestion reactions using appropriate restriction endonucleases (Fig. 6). The 
amounts digested were ~10.2 ng/µl for pKT25, ~9.6 ng/µl for pKNT25, and ~9.2 ng/µl for 
pCH364, while for the inserts for pCH364, pKNT25 and pKT25 it was between 18-26 ng/µl 
(Table 6). After transformation, potential clones were obtained for pCH364-FtsZ, pCH364-ClpX, 
pCH364-ZapC, pCH364-ZapCDD, pKNT25-FtsZ, pKNT25-ClpX, pKNT25-ZapC, pKNT25-
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ZapCDD, pKT25-FtsZ, pKT25-ClpX, pKT25-ZapC, and pKT25-ZapCDD. All pKNT25 and 
pCH363 constructs, clones pCH364-ZapC, pCH364-ZapCDD, pKT25-ZapC, and pKT25-
ZapCDD, were verified by Sanger sequencing (Fig. 7). Using BATCH Gateway reactions, a 
pUT18C-ClpX clone was obtained, and verified by restriction analysis was and Sanger 
sequencing (Fig. 8; Table 7). After obtaining the T18-ClpX or pUT18C-ClpX, cotransformations 
were done with pKT25-ZapC, pKT25-ZapCDD, pUT18C-ClpX, and pCH363-ClpX constructs to 
test whether ZapC and ClpX interact and to determine which domain of each protein may be 
important for the interaction. 
ZapC interacts with ZapC, ZapCDD and ClpX in a BACTH assay 
To analyze the protein-protein interactions between ZapC and ClpX we chose a bacterial 
two-hybrid (BACTH) system BATCH. The pCH363, pCH364, pKT25, and pKNT25 clones with 
the genes of interest ftsZ, clpX, zapC, and zapCDD were cotransformed and interactions 
monitored as described in the Materials and Methods section (Tables S1 and S2). Blue or slightly 
blue color colonies compared to white colonies obtained in negative controls (T18-X or X-T18 
fusion constructs co-expressed with T25-Y where X and Y are genes of interest) were scored as 
positive interactions. Positive interactions are detected for a T25-ZapC fusion co-expressed with 
a T18-ClpX fusion, a T18-ZapC with a T25-ZapC fusion, and a T18-ZapC with a T25-ZapCDD 
mutant fusion protein (Figs. 9 and 10). No visible change of colony color was noted for T18-
ClpX/T25-ZapCDD or T18-ClpX /ZapC-T25 fusion protein, and, ClpX-T18/ ZapCDD-T25 or 
ClpX-T18/ZapC-T25 fusion protein co-expression (Fig. 9). These results suggest that ZapC is 
likely a ClpX substrate and the ssrA-like tag at the ZapC C-terminus may serve as a recognition 
target for ClpX. Our data also suggest that the physiological relevant unit of ZapC may be 
dimeric in vivo. 
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Discussion  
In this study we have made an attempt to understand the function of ZapC and ClpX on 
Z-ring assembly dynamics by analyzing mutant and overexpression phenotypes and in protein-
protein interaction assays. Our results indicate that ZapC and ClpXP interact and together 
function in regulating Z-ring assembly in E. coli. Microscopy analysis shows that although a 
zapC clpX mutant divides normally, zapC clpP cells show filamentation and significant division 
defects. These data suggest that in the absence of ClpX another unfoldase substitutes for its 
function in the cell. In E. coli, ClpA and ClpX share the common proteolytic core ClpP and have 
overlapping substrate recognition activities in the absence of the other unfoldase (Flynn, 2003). 
Therefore, ClpAP function could be implicated for the lack of division phenotype seen in a zapC 
clpX mutant. Notably, we do see a growth phenotype for a zapC clpX mutant under osmotic 
stress and when cellular doubling times are slowed. This result suggest that the precise balance 
of positive and negative FtsZ-ring regulators in modulating FtsZ polymer dynamics is necessary 
for cytokinesis and becomes especially critical under osmotic stress conditions.  
BACTH has proven to be a useful approach to study protein-protein interactions involved 
in E. coli cytokinesis in vivo (Battesti, 2012). Here, we used BACTH to detect the interactions 
between FtsZ, ClpX, ZapC and a putative ClpX resistant mutant, ZapCDD in E. coli cells. While 
the PCR of the genes of interest and the digestion of the vectors and the inserts were successfully 
executed, problems were encountered in cloning ftsZ and clpX into pCH364 and pKT25 vectors. 
In these cases, a portion of the gene was deleted or contained mutations within the open reading 
frame (ORF). We used BACTH Gateway cloning as an alternative method and were successful 
in obtaining a T18-ClpX construct.  
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A positive interaction between ZapC-ClpX and an absence of interaction between 
ZapCDD-ClpX suggested that the C-terminal end of ZapC may serve as a ClpX recognition 
sequence. Mutation of the ssrA-like C-terminal motif leads to a loss of interaction suggesting 
that ZapC may be a bonafide substrate of ClpXP in the cell. We also fail to establish interactions 
when ClpX and ZapC are fused to the N-terminal ends of the T25 and T18 fragments suggesting 
that the C-terminal ends of both ClpX and ZapC may be critical in establishing recognition and 
interaction.  
We observe an interaction between ZapC-T18/ZapC-T25 and ZapC-T18/ZapCDD–T25 
suggesting possible dimerization of ZapC in vivo. Since ZapC is a bundler of FtsZ polymers in 
vitro ZapC dimers maybe the physiological relevant unit in vivo wherein two molecules of ZapC 
aid in the association of single FtsZ protofilaments into lateral bundles. We are aware that 
BACTH assay is conducted in E. coli cells and as such a positive interaction could also result 
from indirect protein-protein interactions in the cell. It is possible that two ZapC molecules 
appear to be interacting because FtsZ is bridging the interaction. Further experimentation is 
required to examine whether a ZapC-FtsZ-ZapC interaction is sufficient to bring the T25 and 
T18 catalytic domains in close proximity to allow for activity.  
Our genetic and cytological data are consistent with the following model of FtsZ-ring 
assembly in E. coli. FtsZ-ring polymers are stabilized by ZapC in rapidly dividing cells. The 
universal protease ClpXP preferentially recognizes FtsZ polymers and degrades them modulating 
the monomeric and polymeric pools of FtsZ in the cell. In addition, our data suggest that ClpXP 
also indirectly modulates FtsZ-ring stability by likely degrading an FtsZ-stabilizer, ZapC (Fig. 
11). The direct and indirect regulation of FtsZ-assembly in E. coli likely takes place in response 
to specific environmental conditions and is currently being explored in our laboratory. Our data 
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also have implications in the regulatory interplay between two conserved fundamental processes 
of proteolysis and cytokinesis in shaping the division proteome in E. coli and related bacteria.   
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Future experiments 
We will mutate critical residues in each of ZapC and ClpX by site directed mutagenesis 
and examine interactions between these mutant proteins relative to wild type in BACTH assays 
allowing us to identify and characterize critical interaction residues in FtsZ-ring regulators ZapC 
and ClpX. We will also test for interactions of ZapC with ClpA in the same assay. Our short-
term goals also include further cell biological assays to test various zapC, clpX, clpA and clpP 
mutant and overexpression strains under osmotic stress and under different growth rates and 
phases. Lastly, we will visualize the FtsZ-ring morphologies in these mutant strains to 
characterize their pattern and placement relative to cell lengths.  
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Fig. 1. A) A schematic of an Escherichia coli cell with FtsZ monomers (green dots), 
followed by the same cell with a Z ring (light blue), and finally, a dividing cell with a 
contracting Z ring. B) Diagrammatic representation of FtsZ assembly, maturation, and 
disassembly is depicted during different stages of the bacterial cell cycle. Green dots indicate 
GDP bound FtsZ monomers or short oligomers that assemble into protofilaments. During 
ring-contraction and disassembly of the Z-ring, GTP hydrolysis occurs increasing the number 
of GDP-bound subunits at which tend to form curved protofilaments (light green). C) FtsZ 




Fig. 2. Phase microscopy images of A) wt (MG1655-pBR322), B) zapC (JD-505), C) wt-
pClpXP (JD-456) and D) zapC-pClpXP (AC01-22). pBR322 is the parental vector of pClpXP.  










Fig. 3. Phase images of strains grown to OD600 ~ 0.2 to 0.3. A) wild type (MG1655), and cells 
lacking B) clpX (JD-407), C) clpP (JD-409), D) zapC (JD-505) and E) clpX-zapC 
























Fig. 4. Spot-viability assay on LBNS plate incubated at room temperature for cells 











   ΔzapC/pClpXP 
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Fig. 5. PCR products of the T25 and T18 cya fragments containing various inserts ftsZ, clpX, 
zapC and zapCDD was run on a 1% agarose gel and stained with ethidium bromide and visualized 
(U:Genius Syngene Gel Documentation system).  
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Fig. 6. Double digestion with BamHI, EcoRI and HindIII of the plasmids A) pCH363 and 
pKT25, and B) pCH364, pKNT25 and pKT25 vectors shows linearized products when run on a 














Fig. 7. Plasmid preparations of both T18 (A and B) and T25 (C) vectors bearing C-terminal and 
N-terminal fusions to ftsZ, clpX, zapC and zapCDD were separated on a 1% agarose gel and 






















Fig. 8. Restriction Analysis of T18 constructs bearing C-terminal fusion to clpX, which were run 















Fig. 9. Growth of ClpX-T18 or T18-ClpX fusions coexpressed with ZapC/ZapCDD-T25 
constructs or T25-ZapC/ZapCDD in BTH101 strain on LB-X-Gal-IPTG agar plates incubated for 
24h at 30°C.  
 





























Fig. 10. Growth of ZapC-T18 fusion coexpressed with either ClpX/ZapC/ZapCDD-T25 plasmids 

















Fig. 11. Model of the FtsZ-ZapC-ClpXP regulatory network, which modulates division FtsZ 
assembly dynamics in E. coli. 
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Table 1: Strains and plasmids used in this study. 
Strain/Plasmid Genotype Source/Reference 
BTH101 pKT25 T18 adenylate cyclase domain, KanR Bernhardt lab 
UT481 pCH363 T18 adenylate cyclase domain, AmpR ” 
BTH101 (JD-611) 
 
cya-99, araD139, galE15, galK16, 
rpsL1 (Str r), hsdR2, mcrA1, mcrB1 
” 
XL10-Gold Tetr ∆(mcrA)183 ∆(mcrCB-hsdSMR-
mrr)173 endA1 supE44 thi-1 recA1 
gyrA96 relA1 lac Hte [F´ proAB lacIq 
Z∆M15 Tn10 (Tetr) amy CmR], KanR 
Invitrogen 
AJ-67 pWCP9 pBR322-ClpX Lab 
JD-43 DH10B pBAD33-ZapC ” 
JD-67 DH10B pJDZapCDD ” 
JD-407 MG1655 ΔclpX::kan ” 
JD-409 MG1655 ΔclpP::kan ” 
JD-505 TB28 ΔzapC <frt> ” 
JD-184 MG1655 ” 
JD-455 MG1655 pBR322 ” 
JD-456 MG1655 pClpXP ” 
AC-24 MG1655 pBR322 ΔzapC   This study 
AC-22 MG1655  pClpXP ΔzapC ” 
AC-20 MG1655 ΔzapC-ΔclpX::kan ” 
 34 
AC01-30 pST25-DEST Ouellette Lab 
AC01-31 pSNT25-DEST ” 
AC01-32 pUT18C-Zip ” 
AC01-35 pENT-ClpX-O Lab 
AC01-36 DH10B ” 
AC01-70 pDONR221 Lesser lab 
AC01-58 DH10B-pUT18C-ClpX This study 
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Table 2: List of Primers used in this study.  
Fragment 5P 3P 
pCH363 










































































Table 3: Cell length measurements in strains overexpressing ClpXP in wild type or a zapC 
mutant strain compared to the same strains bearing the ClpXP parental plasmid pBR322.  
Strains # of cells 
measured 
Length   







pBR322/MG1655 200 3.6 ± 0.8 6.2 2.5 
pClpXP/MG1655  338 6.1 ± 4.3 59.9 2.8 
pBR322/ΔzapC 194 4.2 ± 1.0 8.0 2.4 
pClpXP/ΔzapC  170 5.7 ± 3.2 27.0 2.4 
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Table 4: The number of cells analyzed and its length for single and double mutants compared to 
wild type and the time needed for the culture to reach OD600 0.6-0.8 at 37ºC. 
Strains # of cells 
measured 
Length  







MG1655 (wt) 1578 3.7 ± 0.9 8.8 1.7 
ΔclpX 2138 3.3 ± 1.0 10.5 1.4 
ΔclpP 2338 3.7 ± 1.0 9.9 1.5 
ΔzapC 1995 4.2 ± 1.0 12.3 1.8 
ΔclpX ΔzapC 3030 4.0 ± 1.3 10.1 1.7 
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Table 5: DNA concentrations of PCR products.  
PCR Product Concentration (ng/µl) Absorbance (260) 260/280 
pKNT25-ClpX 190.0 3.80 1.88 
pCH364-ClpX 323.2 6.46 1.90 
pCH364-FtsZ 134.7 2.70 1.90 
pKNT25-ZapC 88.0 1.76 1.91 
pKNT25-ZapCDD 75.7 1.57 1.87 
pCH364-ZapC 203.4 4.07 1.89 
pCH364-ZapCDD 145.6 2.91 1.90 
pKNT25-FtsZ 377.5 7.55 1.87 
pKT25-FtsZ 134.7 2.70 1.90 
pKT25-ClpX 323.2 6.46 1.90 
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Table 6: DNA concentrations of the digested vector and inserts. 
Digested Product Concentration (ng/µl) Absorbance (260) 260/280 
pCH364 (T18) 9.2 0.18 1.90 
pKT25 (T25) 10.2 0.20 1.91 
pKNT25(T25) 9.6 0.19 2.05 
T18-ClpX 23.1 0.46 1.98 
T18-FtsZ 23.7 0.47 1.80 
T18-ZapC 25.7 0.52 2.00 
T18-ZapCDD 18.7 0.38 2.02 
T25-ClpX 19.9 0.40 1.98 
T25-FtsZ 18.5 0.37 1.91 
T25-ZapC 21.3 0.43 2.02 
T25-ZapCDD 20.3 0.41 2.06 
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Table 7: DNA concentrations of entry, destination and expression vectors. 
Product Concentration (ng/µl) Absorbance (260) 260/280 
pUT18C-DEST 721 14.42 1.88 
pST25-DEST (T25) 85.7 1.71 1.91 
pSNT25-DEST (T25) 73.2 1.46 1.94 
pENT-ClpX-close 98.5 1.97 1.89 
pUT18C-ClpX 172.6 3.45 1.88 
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Table S1.  The cotransformations performed between pKT25 (T25-) and pUT18C or pCH364 
(T18-) and the interaction results. 
T18- T25- 
 X Zip ClpX ZapC ZapCDD L22P FtsZ 
X - - - - - NA - 
Zip - + NA NA NA NA NA 
ClpX - NA + + - NA NA 
ZapC - NA NA NA NA NA NA 
ZapCDD - NA NA NA NA NA NA 
L22P NA NA NA NA NA NA NA 
FtsZ NA NA NA NA NA NA NA 
 
X = vector alone 
NA = No analysis performed   
(-) = Negative Interaction (White Colonies) 
(+) = Positive Interaction (Blue Colonies)  
SB = slightly blue 
L22P = zapC mutant that is unable to interact with FtsZ (Hale, 2011)  
 43 
Table S2. The cotransformations performed between pKNT25 (-T25) and pUT18 or pCH363 (-
T18) and the interaction results at 30ºC is shown unless otherwise mentioned. 
-T18 -T25 
 X Zip ClpX ZapC ZapCDD L22P FtsZ 
X - NA  - -  - 
Zip - NA NA NA NA NA NA 
ClpX - NA + (37 ºC) - - NA NA 
ZapC - NA - + +  - (37 ºC) 
ZapCDD NA NA NA NA NA NA NA 
L22P NA NA NA NA NA NA NA 
FtsZ - NA SB (37 ºC) - (37 ºC) NA NA SB (37 ºC) 
 
X = vector alone 
NA = No analysis performed   
(-) = Negative Interaction (White Colonies) 
(+) = Positive Interaction (Blue Colonies)  
SB = slightly blue 
L22P = zapC mutant that is unable to interact with FtsZ (Hale, 2011)  
